The susceptibility of plants around apple orchards to Neonectria ditissima infections in the Tasman region was determined during summer 2013/14. Shelter belt and other neighbouring plants (in the absence of shelter trees) surrounding 20 apple orchards (approximately 51 km shelter length) were identified and compared with known European canker hosts. One-third of all neighbouring plants identified were either species known to be European canker hosts or shared a genus with a known host. Nine non-pomaceous plant species were selected for inoculation studies. Two rasp wounds were created (July 2014) and one was inoculated with N. ditissima conidia, the other with mycelium. Symptoms were recorded and the pathogen re-isolated. In February 2015, all symptomless inoculation sites were harvested to determine potential latent infections. Neonectria ditissima was reisolated from 38% of inoculations including from symptomless inoculation sites. The fungus could be re-isolated from all species inoculated.
INTRODUCTION
"The literature on Nectria fungi associated with canker of hardwoods in Europe and North America is replete with unavoidably tentative determinations, questionable application of names, inadequate descriptions and many pages of controversial discussion on the specific identity and pathogenicity of forms studied " Lohman & Watson (1943) .
The study of Neonectria ditissima in association with cankers of pomaceous and hardwood trees needs mention of its highly controversial and varied nomenclature, which has been reviewed by Lohman & Watson (1943) , Swinburne (1975) and most recently by Castlebury et al. (2006) , to name just a few. Naming was influenced by continent, i.e. Europe versus North America, and the many hosts. Lohman & Watson (1943) reported that common synonyms used depended on host, year described and country of origin; the names used are Nectria ditissima Tul., Nectria coccinea Pers. ex Fr. and Nectria galligena Bres. The name Nectria galligena Bres. had been applied rather consistently to canker of pomaceous hosts until Rossman et al. (1999) further divided the Nectria genus into Nectria and Neonectria. Nectria is now restricted to species related to the type species Nectria cinnabarina (Tode:Fr.) Fr. with the Tubercularia Tode:Fr. anamorphs. The other species have been transferred to Neonectria Wollenw. with the Cylindrocarpon anamorphs (Castlebury et al. 2006) . For the purpose of this manuscript, the teleomorph Neonectria ditissima and anamorph Cylindrocarpon heteronema are used, as suggested by Castlebury et al. (2006) .
European canker caused by the fungus Neonectria ditissima is a major disease, producing cankers on twigs and branches, and may cause fruit rot (Zeller 1926; Swinburne 1975) . Primary inoculum sources for European canker are infected wood from the same orchard or from surrounding orchards (Swinburne 1975) . The fungus produces conidia and ascospores, which spread by aerial rainsplash from tree to tree and rainsplash and runoff within infected trees (Creemers 2014) . Apart from the infected wood on trees, cankered prunings left in the tree row and uncovered burn piles can serve as an important source for further infection, producing spores for at least 1-2 years (Swinburne 1975) . Besides the sources of inoculum within the orchard, other susceptible species that are grown close to orchards may also act as a source of Neonectria inoculum (Flack & Swinburne 1977) . The choice of species used to create windbreaks or hedges is therefore important (Creemers 2014) . Literature shows European canker has many hosts, and as early as 1889 European canker was observed on beech, oak, hazel, ash, hornbeam, alder, maple, lime, dogwood, wild cherry and apple (Zeller 1926) .
From a comparison of known European canker hosts and plants available for purchase in New Zealand, at least 70 species known to be European canker hosts can be found in South Island nurseries. It is therefore likely that some alternative European canker hosts are present in shelter belts and will be found near orchard trees. The aims of this study were to identify and enumerate currently-used shelterbelt species to provide data on the distribution of known European canker hosts around orchards, and to determine their potential for infection by N. ditissima isolates of apple. The longer term goal is to identify their actual risk as alternative hosts based on their susceptibility to infection and sporulation potential in the field.
MATERIALS AND METHODS Shelter species monitoring
In 2013/14 20 apple growers were randomly selected from Motueka, Upper Moutere and Waimea areas. If the grower had one or two separate orchard areas all perimeters were surveyed. If the grower had more than two separate orchard areas, at least two of these were surveyed. In 2014/15 one large grower property in Motueka with seven independent orchard areas was re-surveyed using all seven blocks and not just two as in 2013/14. Shelter belt and ornamental species adjacent to the apple blocks at the orchard were recorded and quantified by measuring the planted length of row adjacent to the orchard occupied by the plants. Length was estimated by car odometer for larger distances and confirmed using MapMyRun, a program that measures the distance of a route drawn on a map. Single trees were given a length of 1 m. The species found were separated into two groups for analysis: species used as shelter (Shelter) and species found adjacent in the absence of shelter (Neighbouring), which included but was not limited to ornamental species, fruit trees and grass. Shelter and Neighbouring plants were only enumerated if within 10 m of the outer row of apple trees in the block. Plants were kept in a shadehouse and watered twice daily with overhead sprinklers for 10 min. In July 2014, plants were inoculated. Plants were small (0.5 to 1 m tall), therefore only two 5-10 mm rasp wounds were created on the main stem, breaking the bark and cambium layers. One rasp wound was inoculated with a mycelial plug (5 mm diameter) from a 3-week-old single conidium isolate Ng47.1 (originally isolated from an apple tree) culture grown on potato dextrose agar . The mycelium was facing the wound and the plug held in position using Parafilm M® (Bernis Company Inc.). After 14 days the Parafilm M® was removed. The other raspwound was inoculated with a 20 µl droplet of conidial spore suspension (2×10 5 conidia/ml) prepared from field-collected cankers . For the positive controls, to determine that inoculation was successful, ten 1-year-old 'Royal Gala' trees were also inoculated. These plants were obtained from Plant & Food Research Hawke's Bay to ensure they were free of N. ditissima infection. Plants were maintained outside on a hardstand, completely randomised, with overhead watering twice daily for 10 min. In December 2014, plants were placed into plastic-lined wooden bins (2 bins, randomly arranged) with the lining creating an approximately 8 cm high rim allowing the water to pool and thereby creating 'wet feet' or waterlogged conditions. This was done to increase plant susceptibility to the pathogen (Swinburne 1975 ) and potentially accelerate symptom expression.
Plants were regularly assessed for disease symptoms, with a final assessment in February 2015. In December 2014, two plants each of apple, willow, poplar, alder and eucalyptus with visible lesions were selected. One lesion was used for re-isolation and one to induce sporulation in the laboratory in humidity chambers at ambient temperature. At the last assessment, all rasp wounds, with and without symptoms, were harvested for re-isolation. Lesions were surface sterilised for 30 s in ethanol, followed by 1 min in 1% sodium hypochlorite followed by 30 s in 70% ethanol and a rinse under running tap water. Each rasp wound was then cut aseptically into smaller segments (approximately 3-5 mm thick) and three pieces (one from each lesion edge, one from the lesion centre) plated onto water agar containing apple sap (ASAWA medium, Amponsah et al. 2014) . For the December isolations, for both the symptomatic and asymptomatic inoculation sites, additional segments up to 44 mm away from the lesion edge were also plated out. The 3-5 mm segments cut were plated sequentially with the cut edge closest to the lesion facing the agar. Plates were incubated on the laboratory bench at 18°C for 2 weeks. Presence or absence of N. ditissima was scored based on sporodochia and conidia morphology.
RESULTS

Shelter species monitoring
The literature search resulted in 122 species identified as Neonectria ditissima hosts (Appendix 1). Table 1 provides an overview of the grower survey in 2013/14 of Shelter and Neighbouring plant species found surrounding apple orchards representing the Tasman region in New Zealand. The grower property completely re-surveyed in 2014/15 gave similar results and is therefore not presented separately. Most commonly, there were no shelter trees adjacent to apple blocks, but these were surrounded by road and grass paddocks (approximately 16,700 m). The most common shelter belt species observed were Italian alder (Alnus cordata), Leyland cypress (Cupressus x leylandii) and Matsudana willow (Salix matsudana). Adjacent apple (Malus spp.) trees of other growers not separated by a shelter belt (Neighbouring plants) accounted for approximately 10% of total orchard perimeter. Large amounts of pear (Pyrus spp.), grape (Vitis vinifera), blackcurrant (Ribes nigrans) and kiwifruit (Actinidia spp.) were found around some orchards while pittosporum (Pittosporum spp.) was found at most orchards. Low risk non shelter species, including grass, accounted for 51% of the planted length adjacent to apple orchards.
In summary, one-third of all plants identified were either a species known to be a European canker host or belong to a genus with a known host. Some plants found were not identified beyond genus, because of difficulty identifying uncommon species and differentiating between crosses and clones. Matsudana willow was listed as the species of willow found in shelter belts as appearance, grower records and nursery records indicated it was the most common species of willow planted. However, it may not have been the only willow species found in the shelterbelts observed.
The shelterbelt survey showed that neighbouring apple orchards not separated by shelter were the most frequently recorded group of known European canker hosts and would potentially provide the largest non-shelter (Neighbouring plant) source of inoculum. Pomeaceous plants are well known for their susceptibility to N. ditissima infections (Flack & Swinburne 1977 ) and this was also reflected in the potted plant assay. The known host black alder (Alnus glutinosa) was found at some orchards as a shelter tree, but the Italian alder species occurred more frequently than the black alder. Italian alder was present at the majority of orchards visited, but the susceptibility of Italian alder to European canker has not been previously reported. Based on the potted plant assay Italian alder was classified as high risk. Species of Populus are often found as shelterbelts in the Tasman district and are also classified as high risk due to other species and clones within the genus being known hosts. To summarise these data, plants were placed into one of five categories and the percentage of plants found (based on estimated distance) in each category calculated (Figure 1 ). The categories were "Low Risk Neighbouring" plants, which were predominantly grass; "Low Risk Shelter", which were predominantly Leyland cypress; "High Risk Apple", representing neighbouring apple orchards; "High Risk Neighbouring", which were predominantly pear; and "High Risk Shelter", which were predominantly alder and willow. High risk was attributed if the literature reports showed a host entry at genus level as listed in Table1.
Inoculation of ten potential host species
By December 2014, following July inoculation, all inoculated apple rasp wounds expressed Figure 1 Relative abundance of potential hosts of Neonectria ditissima surrounding Tasman apple orchards as surveyed in 2013/14. Plants were placed into one of five categories and the percentage of plants found (based on estimated distance) in each category calculated. High risk was attributed if the literature reports showed a host entry at genus level as listed in Table 1 . (Table 2) . Re-isolations were not always successful where lesions formed, but N. ditissima could be isolated from symptomless inoculation sites (Table 2) .
The preliminary December 2014 re-isolations from symptomless and symptomatic tissues (up to 44 mm around the inoculation site) showed different degrees of colonisation among the four host plants tested. For the willow plant, N. ditissima was re-isolated 44 mm from the inoculation sites with symptomatic (mycelial inoculation) and asymptomatic (conidial inoculation) infection. For the poplar plant, N. ditissima was re-isolated 44 mm from the inoculation site with symptomatic infection (mycelial inoculation) and 28-32 mm from the asymptomatic conidial inoculation site. For the Eucaluyptus nitans plant, N. ditissima was re-isolated 44 mm from the inoculation site with symptomatic infection (mycelial inoculation) and not at all from the asymptomatic conidial inoculation site. For the Italian alder plant, N. ditissima was re-isolated 8-12 mm from the inoculation site with symptomatic infection (mycelial inoculation) and not at all from the asymptomatic conidial inoculation site.
The small subsample of visible lesions collected in December 2014 from apple, willow, poplar, alder and eucalyptus were incubated under high humidity for 3 days to encourage sporodochia formation. These were readily produced in apple and willow, to a lesser degree in poplar and alder but not eucalyptus. Cross inoculation studies by Flack & Swinburne (1977) with the then named Nectria galligena isolated from various hosts surrounding apple orchards showed that the N. galligena isolates of ash, hawthorn, poplar, beech and apple could generally cross-infect among these hosts. However, the ash isolate only infected ash and hawthorn. Other studies, as reviewed by Flack & Swinburne (1977) , have given similar results with some isolates having a wider host range than others.
Mycelial plug inoculation is a very harsh test and this type of infection would not occur in nature. In the present study both mycelia and conidia were used. Mycelium was included because previous host range studies (Flack & Swinburne 1977 ) also used mycelial inoculations for in situ and/or potted assays. They found that conidia could not establish leaf scar infections in yellow birch and sugar maple using isolates from the hosts. Wounding was found to be important for N. ditissima spore infections in non-apple hosts (Lortie 1962 , cited in Dubin & English 1974 . Pruning wounds are common in shelter trees, providing suitable sites for infection. It is noteworthy that few authors (Flack & Swinburne 1977) included apple as a host in their crossinfection studies. Generally, assessments in the non-pomaceous hardwood species were for up to 3 years after inoculation. In apple, inoculation and disease expression happens generally within months but infections can remain latent for several years (McCracken et al. 2003) . Lesion phenotypes also vary among hosts and potentially the isolates used (Richter 1928; Flack & Swinburne 1977) . The long incubation period required for nonpomaceous hosts is an indication that these plants are less susceptible to infection than pipfruit.
The pathogen was reisolated from all species inoculated. The ability to re-isolate from inoculation sites without symptoms suggests that either the pathogen colonised the plant without lesion development or isolation was attempted before the incubation period was complete. Longer incubation and observation periods and in situ studies will be required to determine the actual risk of lesion development and spore production on non-apple hosts. Sporodochia formation and spore production in apple, willow, poplar and alder (but not eucalyptus) was observed. These conidia were harvested and rasp wounds of mature 'Braeburn' trees inoculated at the Plant & Food Research orchard, Riwaka. All formed lesions by March 2015 (data not shown). This is an indication that isolates from apple can infect wounds on non-apple host plants, which in turn can produce conidia able to infect apple wounds. Other ongoing work is the inoculation of shelter trees in situ (February 2015) using both mycelial plugs and conidia. Trees will be observed for 2-3 years. Flack & Swinburne (1977) noted that apple trees growing close to a hawthorn hedge had more lesions than those in rows further away. They also concluded that the high susceptibility of poplars renders the genus unsuitable for use as windbreak and recommended the use of grey alder instead. In the present studies, alder was also susceptible to N. ditissima infections, with Italian alder more susceptible to infection than black alder (Table 2) . This study has identified the potential for infection of New Zealand shelter plant by N. ditissima, but their actual risk as an inoculum source to apple tree infections still needs to be determined. Based on published research, there is a risk that should be considered when planting shelter trees. Hawthorn control around apple and pear orchards is commonly practised as hawthorn also can be a host for fire blight. The wide host range of N. ditissima and the potential risk as inoculum source also suggests that shelter management including a fungicide spray programme should be considered, particularly for new plantings and low disease pressure orchards. Once N. ditissima is established within an orchard block the disease pressure from within will drive the ongoing epidemic based on the high susceptibility of pipfruit in comparison with other hosts (Table 2 ). The present work is in agreement with previous research that N. ditissima from apple can infect other hosts, including New Zealand native plants. Earlier research (Flack & Swinburne 1977) and these investigations have shown that the reverse is just as likely. The actual contribution of inoculum from shelter trees to N. ditissima epidemics in apple orchards potentially is low, but one sporulating lesion will be sufficient to start an epidemic and to re-infect apple orchards.
